Fetal nucleated red cells which pass into the maternal circulation during pregnancy are a potential cell source for non-invasive prenatal genetic diagnosis. To sort these rare cells with a high degree of specificity, we focussed our attention on the erythropoietin receptor, a strictly erythroid-specific antigen. We first labelled these receptors with biotin-(sialyl)-erythropoietin, then isolated the erythroid cells by magnetic beads conjugated with streptavidin in a MiniMACS (magnetic cell separator). The effectiveness of this strategy for the enrichment of fetal cells was evaluated by assessing its accuracy for gender prediction in 18 male-bearing pregnancies. Polymerase chain reaction (PCR) results on maternal blood samples sorted for Epo-r and CD71 antigens displayed similar sensitivity (55% Epo-r, 61% CD71) in detecting Y-specific sequences while immunocytochemical studies on four maternal blood samples, sorted after increasing the binding time of the ligand to Epo-r (8 h), showed a substantial improvement in fetal cell recovery and purity. We conclude that sorting by Epo-r/biotin-(sialyl)-erythropoietin provides effective enrichment of fetal nucleated red cells allowing the possibility of direct prenatal cytogenetic analysis by multiprobe fluorescent in-situ hybridization (FISH).
Introduction
employed, and the antigen sorted for, different sensitivities were obtained and reported. However, the low purity rate A considerable number of reports (Bianchi et al., 1990; Bianchi recorded (0.001-4 .8%) (Bianchi et al., 1994) caused by comand Klinger, 1992; Simpson and Elias, 1994) have clearly petitive binding of the monoclonal antibodies to maternal demonstrated that different fetal cell types cross the placenta cells, precludes the possibility of an efficient, reproducible during pregnancy and circulate in maternal blood unchallenged diagnostic process. by the immune system.
In an attempt to search for a truly specific erythroid The development of molecular techniques [polymerase chain lineage antigen, we focussed our attention on the receptor for reaction (PCR), and fluorescent in-situ hybridization (FISH)] erythropoietin. We first devised a strategy to label Epo-r on and the introduction of new tools [magnetic cell sorting fetal cells and then compared the sensitivity of Epo-r and (MACS; Holzgreve et al., 1992) ] for the sorting of these rare CD71 antigens in the sex gender prediction by PCR. Finally fetal cells, are making feasible their utilization in non-invasive the conditions for an efficient retrieval of fetal nucleated cells prenatal genetic diagnosis. At the moment the most promising by Epo-r were explored. candidate for the achievement of this goal seems to be the fetal nucleated red cell (Bianchi and Klinger, 1992; Simpson and Elias, 1994) .
Materials and methods

Due to the extreme dilution of FNRCs in maternal blood
A total of 18 pregnancies of 12-16 weeks gestational age with
(1 per 10 6 maternal cells) any attempt to analyse these cells sonographic diagnosis of male fetuses were included in the study. In requires a previous sorting by the targetting of monoclonal each case the sex of the baby was confirmed at birth.
antibodies/ligands to surface antigens.
Peripheral venous blood samples (12-16 ml) were collected into vacutainers containing EDTA as anticoagulant after the patients' Positive (Bianchi et al., 1990; Price et al., 1991; consents were obtained. Each sample was split into two equal fractions Bianchi et al., 1993; Simpson et al., 1995) , and processed separately for sorting by Epo-r and CD71. Mononuclear negative (Zheng et al., 1993) and combined selections (Busch cells were isolated from peripheral blood by dilution in phosphateet al., 1994; Simpson et al., 1995) obtained by using different buffered saline (PBS) followed by Ficoll-Paque (Sigma, St Louis, monoclonal antibodies against surface antigens have been MO, USA) density centrifugation.
applied for the prediction of fetal sex and retrospective diagnosis of certain chromosomopathies  CD71 labelling Ganshirt-Ahlert et al., 1993; Simpson and Elias, 1993 Four pregnancies of 14-16 weeks gestation were studied to bind to its receptor), biotinylation of sialic moieties of human investigate the possibility of improving fetal cell recovery by increasrecombinant erythropoietin (100 000 IU/mg, cat. E9761; Sigma, St ing the binding time of biotin-(sialyl)-erythropoietin to Epo-r. MonoLouis, MO, USA) was accomplished following the protocol of nuclear cells isolated from 20 ml peripheral blood by dilution in Wojchowski and Caslake (1989) .
PBS and Ficoll-Paque density centrifugation were stained with the The hormone was incubated at 0°C in 12.5 mM sodium metabiotinylated ligand (0.1 nM) for 8 h at 4°C and then sorted by periodate, 0.1 M NaCl, 0.1 M sodium acetate, pH 5.8 for 10 min.
MiniMacs. Following dialysis against 80 mM Na 2 HPO4, 20 mM NaH 2 PO4, Cells from cord blood were used as positive controls and cells pH 7.5, at 0°C, oxidized hormone was then incubated for 120 min isolated from Ficoll-Paque density centrifugation of four non-pregnant at 37°C with biotinamidocaproyl hydrazide at 10 mg/ml, plus 20 mM women were used as negative controls. Cells from sorted positive NaCNBH 3 , and subsequently dialysed exhaustively against PBS, fractions and controls were cytocentrifuged on slides, air-dried over-0.02% Tween-20 at 4°C.
night and then fixed in absolute ethanol for 15 min or stained by May-Grunwald-Giemsa prior to the fixation/destaining step.
Epo-r labelling
The immunocytochemical procedure was modified from the Cells resuspended at 10 7 cells/90 µl were stained with biotin-(sialyl)-methods (Allen et al., 1987; Zheng et al., 1993) described previously. erytropoietin (0.1 nmol/l) for 1 h at 4°C. Cells were then washed Slides were incubated in 10% normal goat serum (Sigma) in PBS for twice in PBS/BSA (0.5%), resuspended at 10 7 cells/90 µl of buffer 15 min at room temperature, and then incubated for 1 h at room and incubated with 40µl/10 7 cells of magnetic microbeads conjugated temperature in a humified chamber with 40 µl of mouse IgG1 antifetal to streptavidin (Miltenyi Biotec GmbH) for 30 min at 4°C. The haemoglobin antibody (Europa Research Product, Cambridge, UK) stained cells were washed with PBS/BSA once, resuspended in 500µl diluted 1:100 in PBS containing 10% normal goat serum. of PBS/BSA and then immediately separated by MiniMACS.
Cells were washed thoroughly in PBS and incubated for 30 min at room temperature in a humidified chamber with 40 µl of fluorescein Magnetic cell sorting isothiocyanate (FITC)-labelled goat antimouse IgG (Europa Research Cells were separated by MiniMacs (Miltenyi Biotec GmbH) as Product) diluted 1:400 in PBS/10% normal goat serum. recommended by the manufacturer using columns of type M-S. To
After the final wash in PBS, the slides were mounted in an antifade increase the recovery of positively-labelled cells, negative and washing solution containing propidium iodide as counterstaining and viewed fractions were passed over the column a second time after the flow under a Nikon fluorescent microscope. Cells stained only with the resistor was removed. Cells were washed in sterile PBS and stored secondary antibody were used as antibody control. frozen at -20°C or immediately processed by PCR.
Results
Polymerase chain reaction (PCR)
Prior to PCR, the sorted cells were thawed briefly when necessary,
The sensitivity in detecting y-specific sequences in agarose at 37°C and boiled for 5 min.
gel was similar between CD71 and Epo-r (male fetuses PCR was performed as previously described (Müller et al., 1990) identified in 11/18 and 10/18 pregnancies respectively).
using the primers WYR007 and WYR008 which amplify a 124 bp An immunocytochemical study showed a rate of high purity carried out at 94°C for 1 min, 56°C for 1 min and 72°C for 1 min (cells with intense green fluorescent cytoplasmatic stain/total in a Cetus 2400 thermal cycler. The first denaturing step was for cell numberϫ100; mean 5%), Table II. 6 min at 94°C and extension time of the final cycle was 10 min.
This result corroborated data recorded by morphological
After amplification, the samples were separated by electrophoresis analysis in cases 1 and 4 (Table II) Table II) .
from monocyte and granulocyte progenitors in rhesus monkey the presence of 200 high affinity receptors (kd ϭ 0.1 nM) and 800 low affinity receptors (0.54 nM) for human cells at the bone marrow. Despite the similar performance recorded between CD71 and Epo-r in gender prediction, we are confident CFU-E stage, values that indicate a strong, close interaction between the receptor and its ligand. Moreover, fetal erythroid that sorting for erythropoietin receptors can allow a superior enrichment of FNRCs. This affirmation is based on the cells seem to be more sensitive to the stimulating effects of erythropoietin than progenitor cells from human adults (Peschle following experimental evidence: (i) to label and isolate the highest number of cells in the target cell population which et al., 1981) . This observation could imply an increased number of erythropoietin receptors on fetal cells or a higher affinity express erythropoietin receptors the incubation time should be higher than that utilized in the comparative trial with CD71 for the interaction with its ligand. In contrast, CD71 antigen (Loken et al., 1987) is expressed antigen as deduced from studies of erythropoietin receptor expression (Wojchowski and Caslake, 1989) and purification on the entire erythroid lineage, activated lymphocytes , monocytes, trophoblast cells and any cells incorporating iron with (Wognum et al., 1990) ; (ii) the results of morphological and cytochemical studies performed after the ligand was bound to an affinity for the receptor of only 3-5 nM (Krantz, 1991) . To improve overall efficiency in isolating fetal erythroid cells Epo-r for 8 h disclosed a high fetal cell purity (5%) and a reduced total cell number.
from maternal blood by sorting for CD71 antigen, a very promising strategy based on prior depletion of total white To date, this result has only been achieved with the intracytoplasmatic staining (Zheng et al., 1995) of γ-globin, a cumberblood cells has recently been devised (Simpson and Elias, 1995) . By using monoclonal antibodies for CD45 and CD14 some and expensive procedure requiring Facs for the sorting, which presumably targets only the more differentiated elements antigens with magnetic sorting to deplete unwanted leukocytes from maternal blood, followed by a positive MACS enrichment in the erythroid lineage (from basophilic to ortochromatic erythroblast).
with an anti-CD71 antibody, Reading et al. (1995) were able to recover fetal nucleated erythrocytes in nearly 87% of On the other hand, the Epo antigen holds some intrinsic properties that could well account for the extraordinary level of pregnancies studied from 6-35 weeks gestational age. Moreover they were also able to estimate the presence of Ͻ1 fetal purity recorded. In fact Epo receptors are restricted to the erythroid lineage (D'Andrea et al., 1990) and are detected on erythroid cell per ml of maternal blood. These results are interesting in the light of the superior the cell surface of relatively mature erythroid progenitors starting with the mature burst forming unit erythroid (BFUperformance of Epo-r in comparison with CD71 for the positive sorting of fetal erythroid cells, here documented. We may E), peaking at colony forming unit erythroid (CFU-E) stage (Krantz, 1991) and disappearing at the reticulocyte maturatherefore predict that a negative depletion with monoclonal antibodies against CD45 and CD14 in conjunction with a tion stage.
Scatchard analysis (D'Andrea et al., 1990) has disclosed positive sorting for Epo-r might further increase the overall
